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TIBER WINDING PACE DESIGN

Freliminary Work

A preliminary winding pack design was pertformed with the goal of
showing feasibility of producing 10-T maximum field with a pack
current density of 40 A-mm~2 while accepting 2.7 kW per coil nuclear
heating. A cable—-in-conduit conductor design (CICC), reported at the
6¢" Topical Meeting on the Technology of Fusion Energy,' was based on
several key issues summarized below.

Heat Removal-—-lLocal heat transfer was not seen as a critical
iszup, rather constraining the coolant temperature rise 1n a conductor
flow path to a level consistent with a comfortable level of conductor
stability was identified as most impartant. Simple but conservative
formul ae were used to select flow path length, injection temperature
and pressure of the supercritical helium coolant, pressure drop
through a passage, cutlet temperature, and temperature vise in an
innermost turn. It appeared that double pancakes with two-in-hand
winding and helium injection at the inside cross—-over would give
cooling channels sufficiently short to limit the temperature to a
maximum of about .6 K at the outlets. FPressure drop was estimated at
about 2.4 atm, allowing an inlet pressure in the neighborhood of O
atm, a range where the heat capacity of helium is very high. More
led calculations done in conjunction with the refrigeration
am design indicated that these preliminary estimates were indeed
servative.

Mechanical Loads--Tensile and centering loads on the inner,
vertical leg of a TF ceil were estimated to examine theilr impact on
winding pack design. The centering force cauwses & build up of
sure on the outermost turns of a TF coil innmer leg (those twns
et the center of the machineg). That presswe was estimated to be
about 3 MFa., A CICC with the dimensions and condult wall thickness
of the Westinghouwse/Airco LCF conductor bhas been demonstrated to be
capable of zustaining such loads in an impregnated winding The TIRER
conductor thersfore was given similar sheath dimensions. Tencsile
1 s wer e assumed to be shared between the coil age and the steel in
sheath of the CICC windings. The estimated stress for the baseline TF
coill cross section was modest, 2066 MPa. Approxsimately 62% ot the
tensile load was bhorn by the case in this configuration, and the
Femalriing Lobhy the steel in the CICC windings.

y—-The fraction of conductor inside the sheath of the CLEC
and tion of copper inside the conductor were cpbimized for
masci mum conductor stability subject to the constraints that the
fraction of copper not be less than the "manufactuwrable” limit and
that the heat transfer suwface provided by the cable ~ands not fall
helow the value determined by the "limiting current for owlitiple
stability."™ It shouwld be remembered that these

limits are mot rigid



but are prudent for preliminary design.

The s

ahility avallablse with the optimized design was quite high.
Calculations were based on data for critical current density vs
conductor developed {for the Westinghouse LCF coil (see Fig. 1.7 The
data were degraded to account for compressive prestrain due to
differential cooldown stresses developed in a cable inside a "
conduilt {(the lower curve in Fig. 17. Even assuming the high field
turns to be sxposed to the outlet temperaturs of 4 k., the
operating cuwrrent to oritical cwrrent wouwld be 171, = O, 5%,
surrent sharing temperature was calcalated to be Tew = 7.4 K.
figures indicate that some level of stability might be traded
higher winding pack current density.

Current Devel opments

Time has allowed an iteration of the various preliminary choices
of machineg parameters. The impact of these choices has been felt an
the design of the winding pack. Since it appeared in the first out
that there was indeed margin for change without unduly sacrificing
stability, heat removal, or reliability, the design has been
reexamined to test just how much change might be accommodated.  Also
in the meantime, new technological developments have ocowrred, and
clarification of some key constraints placed on the winding pack by
other featwess of the TIBER design has been obtained.

Updated critical cuwrent database--Significant advancss in MF-
MbxSrm conductor technology have been obtained by Ti additions to the
compaund and by fabricating conductors with wltra-fine filaments.
Suanaga recently illustrated these advances with the exposition of
some of his own measurements (cf. Fig. 2.7 The solid curves
present conductors with Ti additions and the bhroken curves, those
with pure Nbh=En. More detail about the variations responsiblie for the
range of data is not necessary here. It ie swfficient to note that
all conductors represented in Fig. 2 give higher critical cuwrrent than
the conductor represented in Fig. 1.

The design of a CICC reguires more information about the critic
cuwrrent tham a single value at a particular field and temperature.
Since stability of a CICC is obtained by providing a temperature
marglin within which heat deposited in the conductor is absorbed by
interstitial helium, it is me

ential to incluwde knowledge of the
temperatuwre variation of the critical cuwrrent in the design process.
There iz an extensive data bas inciunding te wre dependent dats,
associated with the conductor repressnted in 3. Ly the emboldened
solicd cwwve connecting open diamond data points.®  Figure
part of this data base

cdisplays

Tt iz apparent that, over the temperature range of inter

. bhe



Cature depender af the critical current
"ntld]]v Linear. Therefore, it can be fu]ir
1 armd horizontal intercepts, Jeo (B and Te (B &
iﬁterc@ptﬁy ahtained from the data of Fig. 3 and ,1m|]ar

it cal couductors are correlated with field variation 1
and 5. Figure 5 shows that a linear variation of To with B i
adeguate repressntation, but is apparent that values 0f Jee mu

NP
Ly thves

sbtalned by estrapolation or interpolation from a display like that
W Faor the present iteration of winding p S i {

1
=oand Te = 11 7 have besn chosen as repre
Lo mas i mam F

It should be noted that
1g. 2 oat the lower edoe
~onservative choloes.

dons for cooldown strajins-—The materials insids
ent cosfficients of thermal supansion. As &
Hﬁl e too suprising that the swupercondocting Mb
urider compreaession by the action of cmw]iﬁg ¢l
temperaturs (~ ) JFEY to the wperat
The amount o+t compression depends on
and thsir physical and mechanical |rn " =
0 depe ori the compactness of the © inside the condodt
) of isting data suggests that thw 4Llamewf‘ af a
lescription heing proposed for TIE
strain of about 0.4% due to cooldown.?

'ature ot the
tf bhe wvarilious
It also

conouet

Presr il g

GO el w i Ty

has given a formalism for predicting the straln degradation
L current in MzxSn conductors.® For o bthe conductor s

Lk predictions are depicted graphically i Filg.
soponds o 4.2 K opsration and the low 2
aperaltld i, Backgrownd field of 10 7T is

alternatively be

af o
o TT
LI WY

CLEE ™
ascsumed for Inih-

ighttorward to

'4-] ce l '-..L

Mk vl

for design

Firest

‘«L‘lJ Jected
i smlrain cau
the actual oper
that may allow
ig and his coll

il
‘Pn»1]m load that
hh rujl1uuw arrel  dmpr oyve

g Far bhi
FIT hawve
to reduce

=1 hhe off -
further \Jc—-vu] (J|;,.|+»’-'ni
MowWw wWe take acoount of
1 S,

o the
clevel opments only

et
A OMArGLT m+ o

-

a CIC
arn irvreversikhle

sition of energy Lh
Lthoul experiencing

Frest dunic




guench is referred to as its stability margin AM. It has the tormt®

Yil, 5O/ ] .
He coric

Im the . effactive volunetric healt ocaps
itial bulk fluid temperatuwres Ty
the corductor Teew. Thie '
s sectiocons, merely s
Vipd Limes,

2l lily an o
above in another fa

ical current with temps

Coasstily

torm, the dimensionless stability paramete
of the coolant factored ovt leaving only
nting the cornductor and the operating -
Foconduotor inside the conduailt (Ehe
L tar heliuwm), teo is the frachtion
and J ois the de cur e Ent
Pile the condos b

Contouwrs of the stability paramet
conductor et

—— e T e L 4
are J o= TELH

are plotted in the (faomas Ffau!
a already

1 COriTe

t

e ames . Tt .
Tt A AL L
the highest bl 1Ly We o
the configuration giwvi
v e b d o ible "
. i theres
AT t

SRV W

Tk
abrv litys

Tamit o the

Cooamp e fresdom bo

marig

.G wE have aly

fe damage to
L1 al Law




CEAT . This danage will cause and 1nor in the residual
gf the matrix accarding to the following:?*?
ya) o = sl - expi-ibDss) ] .
o !
where 8 i1s the satwation level and 1 is the saturation rate. Sawant=
gives s = I nil-m and i = 720 nil-m-dpa~?' while Elabunde, et al.** give
g = 4 nilt-m oand i = 649 nittm-dpaT!. We use & = Z.4&6 ni-m oand 1 = 696

m
nttmedpaT? as a compromise. Mote that +for the amnticipated damage only
the satwation level and not the rate ise important.

Magnetoresistivity i1s accounted for by the relation

where/aa includes the etfects of radiation damage.?*™

For a CICC design the copper resistivity does not to first order
attect the stability level provided.®? 1t does influence the amount
of conductor surface required to effectively utilize the heat capacity
of the interstitial helium as can be seen by the variatiaon of the
"limiting” current for multiple stability Jyiuim with 0-17%, The
requlrement for better heat transfer as copper damage accumul ates may
already be provided by the high flow rates required for steady state
heat removal, however. A more important requirement will be that of
protection as the coils approach end-of~life.

Limiting current--The limiting current density in a CICC is the
value below which full stability is available sven with initially
stagnant helium inside. As such 1t may be viewed as a good indicator
that heat transfer from the cable to the helium is gpnod enough even
without being auwgmented by net f1ow. It is prudent initially to
choose a conductor configuration for which the limiting current
density Ji,im excesds the design value for the cable space current
density J. Towards the end-of-lite as copper damage accumulates to
reduce Jiam, the loss will be offset by the flow already reguired for
heat removal. In Fig. 8, the contours of the stability parameter have
been overlaid with contouwrs of Jism = J far both initial and end-of-
life rezidual resistivity. The current design will observe the
constraints on conductor configuration due to the former and ignore
those due to the latter.

Frotection--There two areas that must be eramined to evaluate
whether protection is adequate for a coil wusing a CICC: maximum
pressure inside the conduit in the event of a quench and maximum hot-
spot temperature in the event of a guench. The former depends
strongly on distance between flow connections. *® That distance will
be short in the TIBER design to facilitete heat removal; pressure rise

o
e



should not be too great a problem. However, a full svaluation must
await fuwther tuning of the design. The latter can be addressed now.

The upper limit to the cable space cuwrent density in terms of the
al lowed maximum hot-spot temperature can be determined from the
following expression:

T 1 L (i
mas H—ie,. init Tv,He

Joi JTE | 1 - - adT

+cond’+cond+0u IT mm;a;:nm
b T

- ~ T [P o
2 - ma } Cu Cu
- e aT

Tb /oﬂu-

+Cu+cmnd

T | - 172
2 I max J'r1.c:. B .
+ {1 - £ )F_ F o e dT
! Cu Cu cond i

o Pea

where py and c, are the density and heat capacity, respectively, of
the various materials and Pcu is the electrical resistivity of the
copper in the conductor. The dump time constant v is given simply by

vo= (2 E )
3 EL/ Vylop .

where Ea is the stored erergy per TF coil, Ya is the dump voltage
across the terminals of an individual coil, and Iloe is the operating
current. Experiments simulating a fully quenched CICC bave shown that
the conductor temperature rise is consistent with the assumption that
the initial density of the heliuwn and the constant volume heat
rapacity of the helium {(essentially constant and approximately egual
to 2.1 kd-kg™*-KE~1) are the appropriate choices for the values in the
first term of the above eqguation {(as indicated).?*®

Figure %7 shows contowrs of J equal to the protection limit,
calculated with the end-of-life resistivity in the copper. Both
contouwrs were calculated with Tmaw = 100 K, but the upper was
calculated with Vg = 3 LV and the lower was calculated with Va = 10
EV. It should be noted that essentially the same constraints on
conductor parameters as given by the (Thmawxs Yal) = (100 K, 10 kW)
Limits are obtained with (200 kK, S EV) or (300 K, I kVi. All three of
these contows are shown on the same mapping in Fig. 10.

It is more or less a matter of philosophy and a guestion of into
which area to put the most development effort as to which contow in
Fig. 10 is seen as the most reasonable constraint. However, there is
in fact little difference between them, and the moral to the story

[



here is that protection of the TF coils at end-of~life is looms as the
mast severe constraint to pushing the winding pack current density
much above 4% A-mm~2, because void fraction of arocund 40 % is needed
to facilitate heat removal and to lessen the effect of compressive
prestrain on the superconductor, conductors with copper fraction le
than about 60 % may be difficult to manufactuwre, and stability
corresponding to a stability parameter of 0.1 or greater is highly
desirable. For these reasons we select a winding pack current density

of 45 A-mm~2, which will be achieved with a CICC havirng
and fau = 0,6.

£ cond = 0.

Summary.

Tables 1 and I summarize the cail and winding pack parameters,
respectively. Figure 11 shows the winding pack configuration
consistent with Tables I and I1, and Fig. 12 shows a unit cell of the
winding.



Table I. TF

MY
Ncmi 1m

Eiy

Fig*
Fiea

TR

COIL FARAMETERS

&6&S MAT

1.06 m

1.350 m

1.02 m

1.33 m

12.7 m

10.0° T

1540 ™MJ

5.0 kV

21 kA



Table II. COIL PACK PARAMETERS

Coil X-section (straight leg) 0.143 m=
Winding pack X—-section 0.0903 m=2
Newrne 192

Joack 45 A-mm—=
Aat+ (21.67 mm}=2
J 77.6 A-mm—=

Overall materials fractions:
f atwel 0.29
f'immur Q.17
! cona Q.35

0.23

f’H-

Materials fractions in the CILCC:

'Fl:end 0-60
{H- 0.39
fcu 0. 60
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FIGURE CAFTIONS

Critical current density over the non-coapper fraction for
single strands of the MF~-NbxSn conductor developed for the
Westinghouse L.CF coil. The solid line below the one
connecting the data points represents a conservative
accounting for the compressive strain imppsed on the
conductor by being reacted and cooled down to operating
temperature inside a steel sheath.

Recent data showing the improvements in MF-Nbz5m conductor
technonlogy. The solid curves represent conductors with Ti
additions to the compound, and the broken curves represent
improvements obtained by gecometrical changes in the starting
hillet, 1.e. smaller filaments, more Nb, stc. The high-
lighted solid curve with apen diamond points is from the same
data base as Fig. 3.

Critical current density aover the non-copper fraction vs
temperature at various fields for a Ti modified MF-NMbxSn
conductor. The data represented here is from the same data
hase as that represented by the highlighted solid curve in
Fig. =.

A FEramer correlation of the extrapolated, zero temperature,
critical current density values vs field from the reference
conductor data base.

A linear correlation of the extrapolated, zero current,
critical temperature values ve field from the reference
conductor data base.

Fraction of the maximum available (unstrained) critical
current vs intrinsic filament strain for the reference
conductor at 190 T and at 4.2 E and 5.6 K.

Contours of the stability parameter in the (feoma.fed) plane

with Jeow = 10738 A-mm~=, To = 11.29 K, Te = 5.6 K, and J =
T7.6 A-mm=,

Contours of Jiim = J superimposed on the mapping of the
stability parameter from Fig. 7. Curve {(a) assumes Copper
with RRR = 100 at 10 T and no damage. Curve (b)) assumes
0,009 dpa/year for three years.

Contours of J at a protection limit superimposed on the
mapping of the stability parameter from Fig. 7. Both curves
assume copper resistivity at end-of-life damage level and a
maximum allowable hot-spot temperature of 100 K. Curve (&)
assumes a maximum allowable dump voltage of 10 LV, and curve

12



Fig-

Fig.

Fig.

10

11

12

(b)Y 5 kY.

Similar contours of J at the protection limit superimposed on
the mapping of the stability parameter from Fig. 7. Each
assumes copper resistivity at end-of-life damage level but
different choices of (Tmax,Va): curve (a), (100 kK, 10 kV);
curve (b)), (200 ¥, & kV); and curve (c), (JI00 K, I kV).

A schematic picture of the coil cross section at the midplane
of the inner vertical leg. 0Open squares represent turns of
the winding pack in the present configuration. Squares
covered over by the cross hatching of the coil case represent
deleted turns that were present in the preliminary design
with a winding pack current density of 40 A-mm—=,

Representation of a unit cell of the winding pack. The steel

Jacketed CICC is swrounded by insulation. Dimensions are in
mm.



Fig.

(A/mm 2)

Je,non-Cu

1 Critical current density over the non-copper fraction for
single strands of the MF-NbsSn conductor developed for the
Westinghouse LCP coil. The solid line below the one

connecting the data points represents a conservative
accounting for the compressive strain imposed on the
conductor by being reacted and cooled down to operating
temperature inside a steel sheath.

Je,non—-Cu vs. T at 10T
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Fig.

Recent data showing the improvements in MF-NbsSn conductor
technology. The solid curves represent conductors with Ti
additions to the compound, and the broken curves represent
improvements obtained by geometrical changes in the starting
billet, i.e. smaller filaments, more Nb, etc. The high-
lighted solid curve with open diamond points is from the same

-

data base as Fig. 3.
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(A/mm 2)

Je,non—Cu

Critical current density over the non-copper fraction vs

temperature at various fields for a Ti
conductor.

modified MF-NbxSn
The data represented here is from the same data

base as that represented by the highlighted solid curve in

Fig
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i A linear correlation of the extrapolated, zero current,
critical temperature values ve field from the reference
conductor data base.
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Fig.

Ic/lcm

é Fraction of the maximum available

(unstrained?

critical

current vs intrinsic filament strain for the reference
canductor at 10 T and at 4.2 K and 5.6 K.
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Contours of the stability parameter in the (feoma,fed) plane

With Jeo = 1028 A-mm~=, To = 11.29 |1, Te = 5.6 k, and J =
T7.65 A-mm—=,
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fCu

Contours of Jiim = J superimpozed on the mapping of the
stability parameter from Fig. 7. Curve (a) assumes coppet
with RRR = 100 at 10 T and no damage. Curve (b) assumes
0.00% dpa/year for three years.
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Fig.

fCu

Contours of J at a protection limit superimposed on the
mapping of the stability parameter from Fig. 7. Roth curves
assume copper resistivity at end-of-life damage level and a
maximum allowable hot-spot temperature of 100 E. Curve f{a)
assumes a maximum allowable dump voltage of 10 kV, and curve
(b)y S5 kV.
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Fig. 10 Similar contours of J at the protection limit superimposed on
the mapping of the stability parameter from Fig. 7. Each
assumes copper resistivity at end-of-life damage level but
different choices of (Tmawx,Va): curve (a), (100 K, 10 kV);
curve (b)), (200 K, S kV); and curve (c), (I00 Kk, I kV).
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A schematic picture of the coil cross section at the midplane
of the inner vertical leg. Open squares represent turns of
the winding pack in the present configuration. Sguares
covered over by the cross hatching of the coil case represent
deleted turns that were present in the preliminary design
with a winding pack cuwrent density of 40 A-mm—=.
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